ABSTRACT. The integration of GPS with GLONASS is very important in satellite-based positioning because it can clearly improve reliability and availability. However, unlike GPS, GLONASS satellites transmit signals at different frequencies. This results in significant difficulties in modeling and ambiguity resolution for integrated GNSS positioning. There are also some difficulties related to the antenna Phase Center Variations (PCV) problem because, as is well known, the PCV is dependent on the received signal frequency dependent. Thus, processing simultaneous observations from different positioning systems, e.g. GPS and GLONASS, we can expect complications resulting from the different structure of signals and differences in satellite constellations.
INTRODUCTION
The Global Positioning System (GPS) now plays a major role in both surveying and navigation. For such satellite-based positioning systems, it is well known that the accuracy, availability and reliability of the positioning results are very dependent on the number of satellites being tracked. However, in some situations, such as in urban areas, the number of visible satellites may not be sufficient to perform the positioning. One possible strategy for increasing the availability of satellites is to integrate GPS with another GNSS system, such as the Russian GLObal NAvigation Satellite Systems (GLONASS). The GLONASS constellation has recently been greatly improved. Since November 2011, there have been 24 operational GLONASS satellites.
Like GPS, GLONASS has a great potential for precise navigation and geodetic applications (Zarraoa et al., 1998) . This potential was demonstrated, in part, during the International GLONASS Experiment-IGEX98 (Slater et al., 1998; Willis et al., 1999) and is being continuously developed (Bruyninx, 2007; Cai and Gao, 2007; Dawidowicz and Krzan, 2014; Dodson et al., 1999) .
In both the GPS and GLONASS systems, two fundamental measurements can be decoded from the satellite signals: the pseudo-ranges and the carrier phases. Since, as is well known, carrier phase measurements are much more precise than the pseudo-ranges, they are the primary measurements for precise positioning. However, the carrier phase measurements are "ambiguous". In GPS positioning, the integer carrier phase ambiguities can be resolved in the relative mode using double-differencing procedures (Hofmann-Wellenhof et al., 2008) . This principle can also be applied to integrated GPS and GLONASS positioning. However, in combined GPS and GLONASS data processing, the tasks of defining the mathematical and stochastic models are difficult to accomplish. For example, due to the different frequencies of GLONASS satellites, standard double-differencing procedures cannot cancel receiver clock errors. During the last decade, much effort has been made to integrate signals from the combined GPS and GLONASS constellation. A variety of mathematical and stochastic modeling and ambiguity resolution procedures have been proposed in literatures (Habrich et al., 1999; Han et al., 1999; Slater et al., 1998; Wang et al., 2000; Zhang and Liu, 2002) .
Several problems in integrated GPS/GLONASS observation processing can also be seen in the context of the antenna phase center variations. Antenna phase variation is a variation of the antenna phase center beyond the antenna offset. Different antenna types exhibit different phase variations (Mader, 1999) . The GPS antenna phase center shift in position depends on the direction of the incident signal (elevation angle and azimuth to the satellite) and on the intensity of this signal. This shift is expressed by mean Phase Center Offsets (PCO) and by so-called "phase center variations" (PCV) for L1 and L2 frequencies (Schupler and Clark, 2001; Wu et al., 1993) . Lack of determining the exact PCV is a basic source of errors when different types of antennas are mixed. Thus, the PCV problem is significant for applications requiring high precision. Reviews of the antenna PCV problem are widely available, e.g. in (Braun et al., 1993; Dawidowicz and Świątek, 2008; Dawidowicz, 2012; Geiger, 1998; Rocken, 1992; Schupler and Clark, 1991; Völksen, 2006) . Spatial relations between Antenna Reference Point (ARP), PCO and PCV points are determined by the calibration process and antenna Phase Center Corrections (PCC) models can then be created. The antenna calibration can be performed in various ways (Falko et al., 1998; Görres et al., 2006; Mader, 1999; Rothacher, 2001; Schmitz et al., 2002; Zeimetz and Kuhlman, 2008) .
Generally, at present there are two GNSS antenna models. One is the relative IGS antenna phase center correction model from relative field calibration; the other is the absolute IGS antenna phase center correction model converted from relative (all the relative antenna offsets and phase center variations that the National Geodetic Survey has computed have been added to the absolute values for AOAD/M_T antenna) or from an absolute field or chamber calibration. For GNSS satellites, there may be two solutions: the standard IGS antenna offset model and the absolute antenna phase center correction model.
On 17 April, 2011 the IGS introduced a new set of antenna calibrations (igs08.atx). This new set takes into account the new robot calibrations that have been measured since the release of the igs05.atx (Baire et al., 2011) . However, in igs08.atx there are still models from different calibrations procedures as well as a large number of antennas without the corrections for GLONASS signals.
The GLONASS PCV calibration differs compared to GPS as a result of the different frequencies of individual GLONASSS satellites. The satellite constellation was not initially sufficient to perform a PCV calibration. In the beginning of the absolute field calibration, the robot adopted for GLONASS signals was stopped after three complete days without sufficient coverage of the antenna hemisphere. Actually, calibrations for different GNSS antenna types are quite possible. Although the absolute robot calibration estimated PCV from the mixture of observed GLONASS frequencies -the calibration are satellite constellation-dependent and are not expected to be as accurate as for GPS (Dach et al., 2010; Wubbena et al., 2006) .
Another PCV modeling concept has been developed which allows frequency-dependent GLONASS PCV to be determined. The fundamental assumption of this concept is the linearity of PCV changes for GPS/GLONASS and GLONASS/GLONASS frequencies. A detailed description of this method can be found in (Wubbena et al., 2006) . In this approach, in IGS ANTEX files, PCCs are given only for the channel number k = 0. Geo++, which calibrates antennas, first computes the so-called Delta PCVs, which are then multiplied by the frequency difference between GLONASS and GPS and added to GPS PCVs. This procedure obtains GLONASS PCVs for any channel number k.
Ultimately, it is common to use GPS PCV for the correction of GLONASS PCV due to a lack of better information.
The aim of this paper was to study the height differences when different calibration models are used in GPS/GLONASS processing using datasets from the ASG-EUPOS network. There is a worldwide trend towards the establishment of continuously operating reference stations (CORS) which allow a user to incorporate reference network data into a local or regional network solution at little or no extra cost. The ASG-EUPOS -the Polish GNSS Ground Based Augmentation System is an example of such a network (Bosy et al., 2008; Figurski et al., 2009 ). ASG-EUPOS offers three real-time and two post-processing services. Generally, for users who demand the highest precision results, the post-processing services are provided (POZGEO or POZGEO D). In the POZGEO service, post-processing of the uploaded observation files and determination of the point's coordinates are made independently referring to the six nearest stations. ASG-EUPOS Automatic Post-Processing Software (APPS) uses algorithms based on Schreiber's type sets of carrier-phase differences (Kadaj, 2010) . Because of the relatively long distances between stations (~ 70 km) and the automation of the calculation process, obtaining high accuracy requires a long observation period. The POZGEO service uses absolute antenna PCV models.
The POZGEO D service is a means for more advanced users who download observation files from ASG-EUPOS reference stations and process data using commercial post-processing software. The POZGEO D service makes it possible to obtain higher accuracy from shorter observational sessions, although it requires some knowledge of GNSS observation processing. Generally, in commercial post-processing software there is no information on what type of PCV model for receivers or satellites antennas is used.
Understanding the PCV problem is essential when the antenna at the reference station differs from that of the user point. Additionally, in processing simultaneous observations from different positioning systems, e.g. GPS and GLONASS, we can expect further complications resulting from the different structure of signals and differences in satellite constellations (e.g. each GLONASS satellite completes an orbit in approximately 11 hours 15 minutes while the GPS satellite takes approximately 11 hours 58 minutes). Another potential difficulty is the fact that different GLONASS satellites transmit signals on different frequencies. A review of the GPS/GLONASS observations processing problem can be found in (Bruyninx, 2007; Dodson et al., 1999; Wang, 1999; Weber et al., 2005) . In the author's opinion however, there is lack of similar studies of the PCV problem. Because ASG-EUPOS GPS-only receivers are currently being systematically replaced by receivers able to receive signals from different Global Navigation Satellite Systems, this issue is of particular interest. (Fig. 1) is a Polish GNSS Ground Based Augmentation System. The name ASG-EUPOS stands for Active Geodetic Network European Position Determination System. Currently, (08.2014) ASG-EUPOS consists of 101 stations located with Poland (31 equipped in GPS/GLONASS receivers) and 23 foreign stations (20 equipped with GPS/GLONASS receivers). 
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For the analysis two ASG-EUPOS stations equipped with GPS/GLONASS receivers were selected. Additionally, three 24-hour measurement sessions were conducted on a point with a TPSHIPER_PLUS antenna (Table 1) . A comparison of the antenna phase characteristics for L1 and L2 frequency is shown in Fig. 2 . It is clear that the selected antennas are characterized by differences between their phase characteristics. Generally, the greatest difference was observed for medium zenith angles (from 30° to 60°). These differences are also visible in comparing PCV characteristics for the same antenna, obtained from different calibration procedures (especially between relative and absolute calibration results) -the maximum differences for the same frequency reach 10 mm. In comparing absolute elevation-dependent PCV for GPS and GLONASS signals, there are only small differences at a level of 2-3 mm.
In addition to the above figures, the L1 and L2 offsets (PCO) for the antennas used are presented in Table 2 . Clear differences were also found between the results of the relative and two other calibration sets. Because the study was intended to evaluate the impact on height determination from the end users' point of view, the correction models and processing parameters were the same as others would have used.
The following GNSS parameters were set for all sessions: sampling interval 1 s, satellite mask elevation angle 10°.
Three 24-hour measurement sessions were divided into some one-hour sessions and processed in a single-baseline mode using Topcon Tools software. In such short sessions, height changes can be visualized as a result of changes in the satellite' constellation above the measured point.
The processing was done in three main variants (STRATEGIES):
-using the relative (relative) IGS models; -using the GPS-only absolute (absolute) IGS models; -using the GPS/GLONASS absolute (absolute+) IGS models.
Since there are only relative and absolute GPS-only antenna PCV models available for some antennas (TPSHIPER_PLUS and ASH701945C_M SNOW), the third strategy employs a mixed absolute+/absolute strategy.
In baseline mode, each "strategy' was processed using L1-only observations (simulating measurements done with an L1 receiver) and using the so-called "ionosphere-free linear combination" -L3 (double-frequency observation variant). Using the L3 combination in our processing causes the differences in antenna PCV of both frequencies to appear in the final results.
It is well known that over very short baselines, higher precision results can be obtained using single frequency (L1) differential GPS data instead of using dual frequency data. This has two reasons. First, ionospheric effects at the two ends of a short baseline are very similar and can be canceled out in differential processing. Second, the observational noise of the L3 linear combination is larger by a factor of ~3 than that for L1 only observations and L3 combinations also considerably amplify systematic effects due to multipath, antenna phase center offsets and variations, etc (Schaer, 1999) . Generally, single-frequency observations (L1) are used for processing baselines no longer than 10-15 km, where the ionospheric delays cancel out during differencing of the observations. The lower cost L1 GPS receivers can provide more precise surveying than more expensive dual frequency receivers over baselines up to 30 km in length. However, this approach requires the ionospheric delay to be modeled with a high level of precision. Single frequency receivers using such a model can provide better GPS surveying results than dual frequency receivers, even during solar maximum conditions. Generally, when processing baselines longer than 10-15 km, the ionosphere model should be taken into account in order to reduce the residual delays.
Because in our analysis the results of processing the same observations in two variants (using absolute or absolute+ and relative field calibration models) were compared, it can be assumed that the influence of ionosphere, troposphere or multipath is the same for the same observations.
In a network mode, we allowed Topcon Tools to automatically select the processing frequency. In Topcon Tools, automatic selection of processing frequency is as follows: -0-10 km baseline processing is L1 and L2, -10-30 km baseline processing is L1&L2c (ionosphere-free combination), -30-400 km baseline processing is wide-lane.
All other processing options (tropospheric model, orbits, etc.) were identical in all runs. The results of calculation and their discussion are provided below.
ANALYSIS OF RESULTS
The paper presents the height differences obtained in GPS/GLONASS observation processing when different calibration models are used.
The analysis was done using 3 days of GNSS data, collected with a Topcon Hiper Pro receiver, divided by one-hour observation sessions. As a reference, two ASG-EUPOS stations (LAMA and KROL) were selected.
The results obtained with the LEIAT504GG and TPSHIPER_PLUS antennas (height differences for the previously mentioned processing strategies, on the TPSHIPER_PLUS antenna point) are presented in Figure 3 and in Table 3 . The figures show the height differences obtained from the processing of GNSS observations using relative and absolute or relative and absolute+ calibration results. Table 3 shows a summary of the height differences obtained for the baseline. In analyzing the results obtained for the baseline with LEIAT504GG and TPSHIPER_PLUS antennas, it can be seen that the height differences for the GPS-only solutions are within 0.8 cm (L1 and L3 variant). The average height difference for the two presented variants is below 2 mm (Table 3) . As expected, the differences from absolute -relative and absolute+ -relative are identical (when GPS-only observations are used corrections for GLONASS satellites not affect the results).
Larger differences were obtained for processing using GPS/GLONASS observations. Comparing the height differences obtained using the absolute and relative calibrations models, it is clear that for some sessions its size reaches 2 cm. For the variant with absolute+ and relative calibration models, the maximum height difference is 2-3 mm larger. In general, using an absolute+ model induced the generation of a 1-2 mm higher elevation of 0001 point in comparison to calculations using the absolute model. However, there are some sessions when the obtained heights differ significantly more (up to 10 mm).
In analyzing the summary of height differences (Table 3) , it is clear that the effect of switching between calibration models is more evident in the GPS/GLONASS observation processing variants. This is especially true when we compare maximum and minimum height differences.
The results for the baseline with the JAV_GRANT-G3T and TPSHIPER_PLUS antennas are presented below (Fig. 4 and Table 4) . Table 4 shows a summary of the height differences obtained for the baseline. In analyzing the results obtained for the baseline with JAV_GRANT-G3T and TPSHIPER_PLUS antennas, it can be seen that the height differences for the GPS-only solutions are within 0.5 cm (L1 variants) and 0.6 cm (L3 variants). Comparing the average height difference (Table 4) , it is clear that it is twice as large for the L3 variant.
Significantly greater differences were obtained for processing using GPS/GLONASS observations. The height differences obtained for the solutions using the absolute and relative calibrations models for some sessions reach 2.6 cm. For the variant with absolute+ and relative calibration models, the maximum height difference reaches 2.4 cm.
Generally, using the absolute+ model induced the generation of 1-3 mm higher elevation of 0001 point in comparison to calculations using the absolute model. There are also some sessions where the obtained height differs significantly up to 10 mm. In this case, the effect of switching between calibration models is also more evident in the GPS/GLONASS observation processing.
However, it is worth mentioning that although the obtained average height differences are small (1-3 mm) and generally could be ignored in most of the surveying tasks, for some onehour sessions the differences exceed 2 cm and these jumps seem relevant for many high accuracy applications.
CONCLUSIONS
In this study, the height differences caused by using different calibration models in GPS-only and GPS/GLONASS observations processing based on the datasets from the ASG-EUPOS network were compared. The analysis was done in baseline mode: 3 days of GNSS data were used, which were collected with three different receivers and antennas, divided by one-hour sessions. Since the study was intended to evaluate the impact on height determination from the end users' point of view, a so-called "commercial" software was chosen for postprocessing.
The advantage of the absolute approach is clear. Only coordinates that reflect physics can be used in combinations with other space techniques (e.g. SLR, VLBI). Unfortunately, to date not all antennas have models using absolute calibration. Additionally, when simultaneously processing observations from GPS and GLONASS systems, some complications can be expected resulting from the different structure of signals, differences in satellite constellations and difficulties in GLONASS PCV modeling.
The update of receiver antenna calibrations from relative to absolute in baseline mode (using GPS-only observations) induces a jump in height differences up to 0.8 cm. For GPS/GLONASS observations, the differences are clearly larger (up to 2.6 cm). Although the average height difference for the two presented baselines are relatively small (1 -3 mm) the previously mentioned jumps may be relevant for many high accuracy applications.
In addition there was a clear occurrence of large jumps in GPS/GLONASS results (particularly for KROL -0001 baseline). This may result from some problems associated with the combined processing of GPS and GLONASS observations, e.g. due to the different signal frequencies for the different GLONASS satellites, the commonly used doubledifferencing procedure for carrier phase data processing cannot be implemented in its simplest form. In the author's opinion, this problem needs further to study.
